Introduction
The super family of glutathione (GSH) transferases (GSTs; EC 2.5.1.18) is composed of a wide group of enzymes whose common feature is catalysing the nucleophilic attack of GSH on the electrophilic groups of a wide range of hydrophobic toxic compounds (Hayes et al., 2005) . GSTs are also involved in other reaction mechanisms and are capable of binding a large number of endogenous and exogenous compounds non-catalytically (Hayes et al., 2005) . GSTs are widely distributed in nature and are found in both eukaryotes and prokaryotes. As to eukaryotes, they may be divided into the cytosolic, mitochondrial and microsomal families of GSTs according to their cellular localization (Sheehan et al., 2001; Hayes et al., 2005; Allocati et al., 2009) . All these different eukaryotic families of GSTs find their counterparts in prokaryotic genes that share a common evolutionary origin (Allocati et al., 2009) .
Cytosolic GSTs are further sub-grouped into several divergent classes and, despite their low inter-class sequence identity, they all show a common fold (Oakley, 2005) . They are dimeric proteins with each subunit divided in two distinct domains. The N-terminal domain adopts an a/b topology similar to the fold of thioredoxins, whereas the C-terminal domain is all a-helical. The active site is composed of two binding sites: the G-site where GSH binds and the H-site where the hydrophobic co-substrate binds (Hayes et al., 2005; Oakley, 2005) . The majority of the residues shaping the H-site are contributed by the C-terminal domain, which shows much higher interclass variability than the generally very well-conserved N-terminal domain. This structural heterogeneity within the C-terminal domain is responsible for the substrate variability and specificity across the GST classes. In prokaryotes, the majority of GSTs cluster into the so-called beta class (Allocati et al., 2009) . They share the same fold and domain organization of eukaryotic cytosolic GSTs, with some differences at the level of the interface between monomers. Beta class GSTs are also characterized by the presence of a cysteine residue in the proximity of GSH sulphur that contributes, in conjunction with nearby residues, to lower the pK of GSH, thus enabling catalysis (Allocati et al., 2008) . Beta class GSTs are capable of catalysing several different reactions on substrates with varying structures. The reactions range from classic conjugation with GSH via nucleophilic aromatic substitution, bimolecular nucleophilic substitution and Michael addition, isomerization, epoxide ring opening, reductive dechlororination, peroxide reduction and others (Allocati et al., 2009) .
Eukaryotic cytosolic GSTs have been widely investigated and a wealth of crystallographic and functional data have detailed the contribution of single residues in the H-site to the binding of several different substrates (Agianian et al., 2003; De Luca et al., 2003; Labrou et al., 2004; Kuhnert et al., 2005; Lerksuthirat and Ketterman, 2008; Federici et al., 2009a; Lo Piero et al., 2010) . In contrast, very little is known about the H-site in bacterial enzymes. This issue may be critical in the use of bacterial GSTs for biotechnological purposes and demands further investigation. For instance, in a previous study, it was shown that a single amino-acidic variation (A180P) in Bphk from a Burkholderia xenovorans LB400 strain, a bacterial GST belonging to the beta class, increased the enzymatic activity towards several substrates (McGuinness et al., 2006) . This suggests that single amino-acidic variations in bacterial GSTs may be exploited to generate enzymes with enhanced capability toward selected substrates to be used for bioremediation purposes and demands a deeper knowledge of the role played by residues involved in co-substrate binding. Here we used sitedirected mutagenesis and several GST substrates to characterize the contribution of single H-site residues to different reaction mechanisms catalysed by the beta class GST from Proteus mirabilis, chosen as a representative for this class of GSTs, since it was the first to be identified and structurally characterized (Di Ilio et al., 1988; Rossjohn et al., 1998; Allocati et al., 2003) .
Experimental procedures
Site-directed mutagenesis, expression and purification of wild-type and mutant PmGST enzymes
The DNA encoding P. mirabilisGST (PmGST) in pBtac1 ( pGPT1) (Perito et al., 1996) was used as a template in the mutagenesis procedure. The following oligonucleotides were used for the mutations:
The Quick-Change Site-Directed Mutagenesis Kit (Stratagene) was used according to the manufacturer's instructions. Clones with the required mutation were confirmed by DNA sequencing. To induce gene transcription, isopropyl-b-D-thiogalactopyranoside (IPTG; Sigma-Aldrich, Milano, Italy) was added to a final concentration of 1 mM when Escherichia coli XL1-Blue strains, grown at 258C in LB medium and supplemented with tetracycline (Sigma-Aldrich) and ampicillin (Sigma-Aldrich), reached an approximate A 550 of 0.4 and the incubation was prolonged for a further 16 h. The purification of enzymes was performed as follows. The bacterial cells were collected by centrifugation, washed twice and resuspended in 20-mM Tris -HCl, pH 8.2 (buffer A) containing 2-mM dithiothreitol and disrupted by sonication in the cold. The particulate material was removed by centrifugation and the resulting supernatant was subjected to anion-exchange chromatography with a Hi-Trap Q column (GE Healthcare Europe, Milano, Italy) equilibrated with buffer A. The enzyme was eluted with a 40-ml linear gradient of 0 -0.5-M NaCl in buffer A. The peak of activity thus separated was concentrated and dialysed against 25 mM imidazole -HCl, pH 7.4 (buffer B) by ultrafiltration in an Amicon apparatus. Concentrated enzyme was further purified by chromatofocusing on a XK16/40 column (GE Healthcare) containing polybuffer exchanger PBE 94 (GE Healthcare) equilibrated with buffer B. The column was eluted with polybuffer 74 (GE Healthcare) diluted 1:8, pH 4.0. The peak containing GST activity was pooled, concentrated, dialysed against 10-mM potassium phosphate buffer ( pH 7.0) containing 1 mM ethylenediaminetetraacetic acid (EDTA) (buffer C) by ultrafiltration and subjected to further analyses. After this purification procedure all samples, PmGST and its variants, were homogeneous according to SDS -PAGE analysis (Laemmli, 1970) . Protein concentrations were determined by the method of Bradford (1976) .
Enzyme assays
GSH, 1-chloro-2,4-dinitrobenzene (CDNB), 1-fluoro-2,4-dinitrobenzene (FDNB), ethacrynic acid (EA) and p-nitrobenzyl chloride (PNBC) were purchased from Sigma-Aldrich. GST activity with CDNB, FDNB, EA and PNBC was assayed at 258C according to the methods of Habig and Jakoby (1981) . For the enzyme kinetic determinations experiments were performed at 258C, in 100 mM potassium phosphate buffer ( pH 6.5). Either CDNB or GSH was held constant at 1 and 5 mM, respectively, whilst the concentration of the other substrates varied (0.1 -5 mM for GSH and 0.1 -1.6 mM for CDNB). With FDNB as second substrate, because the uncatalysed reaction rate was much greater, the substrates concentrations were reduced (Habig and Jakoby, 1981) . Thus, for the enzyme kinetic determinations either FDNB or GSH was held constant at 0.5 mM, whilst the concentration of the other substrates varied (0.005 -0.5 mM for GSH and for FDNB). Each initial velocity was measured at least in triplicates. The KaleidaGraph Software package (Synergy Software, Reading, PA, USA) was used to estimate the Michaelis constant (K m ) and V max values. The selenium-independent GSH peroxidase activity of GST was measured with cumene hydroperoxide (Cu-OOH) as described previously (Allocati et al., 2005) .
Effect of pH and temperature on enzyme activity
Thermal stability measurements of PmGST and its variants (0.7 mM) were carried out in an 8453 Agilent UV/Vis spectrophotometer equipped with a Peltier-type temperature controller. Enzymatic activities, against CDNB as co-substrate, were measured at different temperature ranging from 258C to 708C. To determine the pH profile for the PmGST and its mutants (0.7 mM), specific activity, against CDNB as co-substrate, was measured every 0.2 pH units using a threebuffer system (50 mM Mes, 100 mM Tris and 50 mM acetic acid) adjusted to the appropriate pH with HCl or NaOH. The three-buffer system allows the ionic strength to remain constant over a wide range of pH values (Ellis and Morrison, 1982) .
In the unfolding studies, all mutants (7 mM) were first incubated for 30 min at 258C in 0.1 M potassium phosphate buffer ( pH 6.5) containing 1 mM EDTA with 0-4 M guanidinium chloride (GdmCl). At the end of the incubation period, each sample was assayed for remaining GST activity, against CDNB as co-substrate, in 1 ml of final volume but including the same concentration of GdmCl as used in the incubation. To study refolding, denatured proteins were rapidly diluted (1:40) in the same buffer and the activities were measured after 10 min. The residual concentration of GdnHCl was 0.1 M.
Circular dichroism
Circular dichroism experiments were performed using a Jasco J710 spectropolarimeter (Jasco Inc., Easton, MD, USA). Static spectra of wild-type PmGST and W164A were collected at 258C, in the 250 -200 nm interval, using a quartz cell with 1-mm optical path length (Hellma, Plainview, NY, USA) and a scanning speed of 100 nm min
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. Proteins were dissolved in the appropriate buffer at a final concentration of 20 mM. Buffers used were: HEPES pH 7.0, Tris pH 8.0 and CAPSO pH 9.0, all at 10 mM concentration. Appropriate buffer baselines were subtracted from each spectrum. The reported spectra are the average of three scans.
Spectroscopic studies
Fluorescence measurements were performed on a Spex spectrofluorimeter (model Fluoromax) equipped with a thermostatically controlled sample holder at 258C. The enzyme samples were in buffer C. The surface hydrophobicity of the proteins was studied by using the specific hydrophobic probe, TNS [2-( p-toluidino)-6-naphthalenesulfonic acid; Sigma-Aldrich]. A 2-mM aqueous solution of TNS (15 ml) was added to 2-mM protein in 2 ml of buffer C. Fluorescence emission spectra were recorded between 350 and 600 nm with the excitation wavelength set at 323 nm. The spectra were corrected for the contribution of free unbound TNS. Binding studies were also performed by using the TNS probe, according to the procedures described previously (Allocati et al., 2005) . PmGST and mutant enzymes (2 mM) were titrated with increasing concentrations of TNS up to 100 mM. Fluorescence emission spectra were recorded between 350 and 600 nm with the excitation wavelength set at 323 nm. The spectra were corrected for dilution.
Some data about W164A mutant were already reported in our previous publication (Allocati et al., 2005) and have been repeated here. The results obtained are in agreement with previous experiments.
Results and discussion
Analysis of the H-site structure in beta class GSTs
The structures of four representatives of bacterial GST beta class have been determined up to now, in particular those from P. mirabilis (PmGST), E. coli (EcGST), Ochrobactrum anthropi (OaGST) and B. xenovorans Bphk (hereby BxGST) (Nishida et al., 1998; Rossjohn et al., 1998; Tocheva et al., 2006; Federici et al., 2007) . A superposition of these structures highlights that the overall fold in these enzymes is very well conserved also at the level of the H-site. The H-site is shaped as a large cavity open to solvent. The interior of the cavity is closed by GSH and nearby residues, including Cys10 that, in PmGST, is covalently linked to GSH through a disulfide bond (Fig. 1) . Next to the solvent opening other residues determine the overall shape of the H-site. Trp164 side chain is located at the bottom of the H-site and provides a platform for co-substrate accommodation. This pavement structure is completed by Gly8, whose carbonyl group is hydrogen bonded to the indole nitrogen of Trp164 (Fig. 1) . Interestingly, these are the only two residues that are conserved in all four GSTs of known structure, suggesting that they may also play a role in structural stabilization (see later). If we enlarge our analysis to the available sequences for beta class GSTs in the sequence database, we find that Trp164 is conserved in more than 90% of cases and conservatively replaced by a phenylalanine in the other cases, while Gly8 is always conserved (not shown). Three other residues constitute the other walls of the cavity, i.e. Ser110, Phe113 and His167 (Fig. 1) . None of these residues is perfectly conserved in all four structures. In particular, PmGST Ser110 is conserved in BxGST while it is replaced by a glycine in OaGST and a threonine in EcGST. PmGST Phe113 is conserved in EcGST and BxGST, while it is replaced by an alanine in OaGST. Finally PmGST His167 is the less conserved residue, being replaced by a glycine, an alanine and a tyrosine in OaGST, EcGST and BxGST, respectively. This analysis confirms that, even when considering a small set of GSTs belonging to the same class, considerable variation of the H-site properties is found, which may account for differences in the catalytic properties toward selected substrates.
Characterization of the H-site residues variants
To further investigate the role played by H-site residues in PmGST, we produced and characterized single-protein variants where each H-site residue was mutated to alanine. All protein variants, except G8A, were efficiently expressed (not shown). The lack of expression for the G8A mutant suggests that this topological position, that is perfectly conserved, is subjected to structural constraints (Fig. 1) . Indeed Gly8 is accommodated in the same loop where the catalytic Cys10 and Ser11 are also present. We have previously shown that Ser11 is involved in a network of hydrogen bondsconserved and specific to beta class GSTs-that confers stabilization by zippering the N-terminal and C-terminal domains of the protein (Federici et al., 2007; Federici et al., 2009b) . It is conceivable that a mutation that introduces a bulkier residue than glycine in this position may interfere with this network and provide structural destabilization.
The other variants and the wild-type enzyme were purified to homogeneity as described in the experimental section. The electrophoretic mobility and the apparent molecular mass of the variants were indistinguishable from those of the wildtype enzyme (not shown).
Our first experiments were aimed at characterizing the alanine variants activity towards the conventional GST co-substrate CDNB, which is conjugated through an aromatic nucleophilic substitution (Fig. 2) , as a function of temperature and pH. Figure 3 shows the variation of specific activity, against CDNB as co-substrate, as a function of temperature; while all the variants maintain a broad bell-shaped dependence similar to that of the wild-type protein, the optimal temperature may significantly vary, ranging from 458C for the F113A variant to more than 608C for the H167A variant. In general however, both the wild-type protein and the H-site variants are active in a wide range of temperatures. Figure 4 shows the dependence of specific activity against CDNB on pH. Both the wild-type protein and all of the protein variants exhibit a pH optimum centred around pH 8.5, which is mainly determined by the protonation state of the GSH sulphur located in the G-site. Interestingly, the W164A mutant, while displaying a specific activity that is approximately six times higher than wild type at pH 8.5, becomes completely inactive at pH 9, contrary to wild type and other mutations that maintain a residual activity at this pH, with the exception of F113A that is very poorly active at all pHs.
To assess the role of the W164A mutation in overall structure stability we collected CD dichroism spectra of W164A and wild type for comparison, at different pHs. In Fig. 5A we show that the CD signal for the wild-type protein is almost insensitive to pH, with only a slight variation at pH 9. Conversely, a progressive decrease in signal is observed with W164A ( Fig. 5B ) when moving from pH 7 to 9, which suggests that the variant protein stability decreases significantly when raising the pH. These data point to an increased malleability of the active site in the W164A mutant, probably due to the loss of the H-bond interaction with Gly8 (see previous paragraph). Such malleability may be advantageous at moderate alkaline pHs (see the increase in activity) but becomes detrimental at higher pHs due to the increased alkaline-dependent unfolding of the W164A protein with respect to wild type. Next experiments were aimed at assessing whether the alanine variants were significantly destabilized with respect to wild type. To this aim we measured the specific activity towards CDNB in the presence of Gdn-HCl in both denaturation and renaturation experiments (Fig. 6 ). Our data show that both wild-type GST and variants are extremely sensitive to denaturant concentration with a total loss of activity at around 1.5-M Gdn-HCl in all cases. When measuring the activity in refolding experiments we observed that the wild-type protein and all the variants completely recovered their activity when the denaturant concentration was progressively diluted. A further experiment was designed to monitor the variation in hydrophobicity in the H-site as a consequence of mutations. To this end the hydrophobic TNS molecule was used as a probe in titration experiments with wild-type and single alanine variants, monitored through the specific fluorescence signal of TNS when moving from the solvent to the hydrophobic environment provided by the H-site. Figure 7 reports the fluorescence spectra for TNS binding to wild type and variant proteins. We observed both an increase in fluorescence intensity and a blue shift of the maximum fluorescence wavelength for the W164A mutant, and less evidently for the F113A mutant. These data are indicative of a better sequestration of TNS from water in the case of these two mutants, especially W164A, which is suggestive, once again, of both changes in the active site dynamics that allow better accommodation of the molecule and increased hydrophobicity. This is confirmed by calculated dissociation constants for TNS binding that were found to be essentially similar to that of the wild-type protein (K d ¼ 6.21 mM), for the S110A (K d ¼ 8.57 mM), F113A (K d ¼ 6.24 mM) and H167A (K d ¼ 5.51 mM) mutants, while the W164A mutant displayed a 4-fold higher affinity for TNS (K d ¼ 1.36 mM).
Taken together the results reported so far suggest that the residues facing the H-site can be mutated, thereby modulating the hydrophobic properties of the co-substrate binding site, without significantly affecting the enzyme stability, at least at neutral to moderate alkaline pH values. This is an important premise for future plans aimed at modifying the enzyme in this area to confer novel or improved substrate specificities for biotechnological purposes.
Analysis of the effect of mutations on different catalytic mechanisms
To assess the contribution of single residues to the catalytic properties of the enzyme, we measured the specific activity towards five different compounds (Fig. 2) , that were chosen to exemplify four different reaction mechanisms catalysed by the same enzyme: CDNB and FDNB are conjugated through a classic S N Ar reaction that proceeds in two steps with the formation of an intermediate Meisenheimer (s) complex; PNBC is conjugated through a single-step bimolecular nucleophilic substitution (S N 2) with a pentacoordinate intermediate; EA is conjugated via a Michael addition reaction through the formation of an enole intermediate; finally two GSH equivalents are used by the enzyme to reduce Cu-OOH to Cu-OH (Fig. 2) (Armstrong, 1991; Armstrong, 1997; Prade et al., 1998) . With each of these substrates we measured the specific activities of wild-type and variant proteins (Table I) . A number of observations arise from these data. First, an overall comparison of wild-type activity against the five selected substrates suggests that PmGST is much more effective against CDNB and FDNB than against the other substrates, suggesting that it probably evolved to perform a classic S N Ar reaction. The four tested mutations had similar effects on the two substrates, CDNB and FDNB, which are conjugated via the formation of a s-complex. S110A maintained an activity comparable to that of wild-type protein with both substrates; F113A and H167A had a reduced specific activity by approximately 6-and 2-fold with both substrates, respectively; the major variation found was the gain in the specific activity that was obtained with the W164A variant. In this case, the activity arose by approximately 22-fold for CDNB but only 2-fold for FDNB (see later).
When analysing the results obtained with the other substrates it appears that each different reaction mechanism is influenced in its own characteristic way by the tested mutations. For instance with EA, all mutations had a detrimental effect with the exception of W164A that maintained the same activity than the wild type. With PNBC the pattern observed was different: mutations at positions 110, 113 and 167 determined an increase in the specific activity variable from 2-to 5-fold, while the W164A mutation had no effect. Finally, the redox reaction against Cu-OOH was positively influenced by all mutations, notably with the H167A variant showing a 16-fold gain in specific activity.
Analysis of the leaving group effect
The reaction with CDNB and FDNB were further analysed and the steady-state kinetic parameters were determined in the presence of saturating GSH and vice versa (Table II) .
A comparison of the K m and k cat values obtained for CDNB with the wild-type and variant proteins highlights that the most important variations in the kinetic parameters were obtained when replacing Trp164 with alanine: in this case both a 2.5-fold increase in the apparent affinity for CDNB (K m ¼ 0.732 vs 1.863) and above all a strong increase by 10-fold in the turnover number was obtained. As a result the catalytic efficiency k cat /K m rose from 1.14 for the wild type to 29.29 for the W164A variant. The other mutations were either comparable to wild type, i.e. S110A and H167A or, in the case of F113A, caused a drastic reduction of catalytic efficiency against CDNB.
Kinetic parameters determined using the substrate FDNB provide the opportunity to investigate the effect of the different leaving groups on the conjugation reaction (Table II) , since the fluorine atom in FDNB is more electronegative than the chlorine in CDNB and is thus a better leaving group in classic S N Ar reactions.
Analysis of the K m values obtained for FDNB suggests that this substrate is bound with higher affinity than CDNB by both the wild-type and all the protein variants, reflecting the more hydrophobic nature of fluorine with respect to chlorine. k cat variations are instead dependent on the position of the replacement and can be higher or lower than with CDNB. In particular they are lower in the case of the W164A and H167A and this suggests that the rate-limiting step of the reaction may vary in these mutants. In fact, in the uncatalysed reaction, a ratio between second-order rate constants k sp FDNB / k sp CDNB ¼ 48 was reported (Ricci et al., 1996) . This suggests that the rate-limiting step in the uncatalysed reaction is a chemical event likely represented by the s-complex formation (Ricci et al., 1996; Lerksuthirat and Ketterman, 2008) . With our measurements, we observed that the PmGST catalysed reaction is less but still sensitive to the nature of the leaving group than the uncatalysed reaction, showing a ratio k cat FDNB /k cat CDNB of 3.18 (Table II) . This value is higher than that observed for the human Pi class GST (1.4) and for the anopheles delta class GST (1.8) (Ricci et al., 1996; Lerksuthirat and Ketterman, 2008) , where it was suggested that when the k cat FDNB /k cat CDNB ratio approaches 1.0, the rate-limiting step in the catalysed reaction may not be chemical but physical. Interestingly, it was also suggested that when the k cat FDNB / k cat CDNB is lower than 1.0, the rate-limiting event may be the dissociation of the ion from the s-complex. In both protein variants W164A and H167A (Table II) , we observe a k cat FDNB / k cat CDNB lower than 1.0, notably this value being 0.62 with the W164A variant. We observed earlier that the specific activity of W164A against CDNB is 22-fold higher than the wild type whereas it is only 2-fold higher when FDNB is tested. This is explained by the fact that, in the particular H-site environment created by the mutation, that is more flexible and hydrophobic than in the wild-type protein (Fig. 7) , the chlorine atom of CDNB becomes a better leaving group than the fluorine atom of FDNB, opposite to what happens in the wild type, and with an increase in k cat with respect to the wild type that is as high as 25-fold, while it is only 3-fold higher in the case of FDNB.
Conclusions
We have shown here that the activity of PmGST, chosen as a prototypical beta class GST, can be significantly modulated by single alanine mutations at the level of residues facing the enzyme H-site. Variations in activity correlate with the different catalytic mechanisms operating at the level of the chosen substrates, each one showing a different fingerprint. Furthermore, when analysing the effect of the leaving group within a single reaction mechanism we showed that the ratelimiting step in the reaction may vary as a consequence of specific mutations. Finally and importantly, with the exception of the G8A variant, which could not be expressed, all other H-site variants were expressed with efficiency comparable to the wild-type protein and led to proteins whose stability was not significantly affected by the mutation. These data pave the way for future studies aimed at improving, through protein engineering, GST activity towards selected poor substrates including important environmental pollutants, for bioremediation purposes.
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